A number of complexes are synthesised with Pr(III) and Nd(III) employing the mono-and disaccharides, D-glucose, D-galactose, D-mannose, D-arabinose, D-ribose, D-xylose, maltose and lactose. The complexes are characterised by various spectral and analytical techniques, and based on these data, appropriate structures were assigned for all complexes.
Introduction
Saccharides and their derivatives, are important molecular components present in chemical, biological and industrial processes. Studies concerned with the synthesis, isolation and characterisation of transition metal saccharide complexes have been addressed extensively in the literature in recent years [1] . However, knowledge regarding the interactions of saccharides with rare earth elements is rather limited in the literature, in spite of the fact that such studies would have a great influence on the growth of metal saccharide chemistry [2, 3] . In continuation with our ongoing efforts in developing metal saccharide chemistry in general, and rare-earth metal ion saccharide chemistry in particular [4] , this paper deals with the study of the synthesis and characterisation of isolated products of Pr(III) and Nd(III) with different mono-and disaccharides.
Experimental
Methods and materials.-MeOH and acetone were purified, dried and distilled prior to use by the usual methods. All the saccharides and sodium metal were purchased from Aldrich (USA) or Lancaster Synthesis (UK) and used without further purification. Hydrated Pr(III) and Nd(III) chlorides were prepared from the respective oxides by adapting a literature procedure [5] .
Absorption spectra were recorded using a Shimadzu UV-2101 spectrophotometer. FTIR spectra were recorded in KBr matrix on an Impact 400 Nicolet FTIR spectrometer. Elemental analyses were performed on a CarloErba elemental analyser. Praseodymium, neodymium and sodium contents were determined using inductively coupled plasmaatomic emission spectroscopy (ICP-AES) Labtam Plasmalab 8440 analyser. CD experiments were performed on a JASCO J-600 spectropolarimeter. Thermal analysis was performed on a Shimadzu DT-30 thermal analyser. Cyclic voltammetry was carried out on a BAS-100 electrochemical analyser. NMR studies were performed on a Bruker Advance DRX500 spectrometer. All the solution characterisations were performed with freshly prepared aqueous solutions of the complexes Synthesis.-All the complexes were synthesised using a similar procedure. One typical procedure is given below for the synthesis of the D-glucose complex of Pr(III).
Pr(III) D-Glc (1). D-glucose (0.720 g, 4 mmol) was suspended in 60 mL of MeOH and stirred for 30 min. Freshly cut sodium metal (0.184 g, 8 mmol) was added to it with stirring, while keeping the reaction mixture in an ice-salt bath. Stirring was continued for a further 3-4 h until it formed a white suspension in MeOH. The sodium salt suspension was brought to room temperature, and PrCl 3 ·6 H 2 O (0.355 g, 1 mmol) dissolved in 5 mL of MeOH was added dropwise to it. The resulting suspension was allowed to stir for a further 4 h to give a light-yellow coloured solid. The solid was then filtered, washed twice with a 1:10 water-MeOH mixture, followed by thrice with acetone. The product was finally dried under vacuum for several hours to obtain an off-white solid in 45% yield.
All the other monosaccharide complexes, Pr D-galactose (2); Pr D-mannose (3); Pr Darabinose (4); Pr D-ribose (5) and Pr D-xylose (6) were prepared and isolated using the same procedure. The disaccharide compounds Pr D-maltose (7) and Pr D-lactose (8) were also prepared by adapting the same procedure, but using 0.720 g (2 mmol) of disaccharide, 0.184 g (8 mmol) of sodium metal and 0.355 g (1 mmol) of PrCl 3 ·6 H 2 O in 50 mL of MeOH. Nd(III) complexes, Nd D-glucose (9) ; Nd D-galactose (10); Nd D-mannose (11); Nd D-arabinose (12) ; Nd D-ribose (13) ; Nd D-xylose (14) ; Nd D-maltose (15) and Nd D-lactose (16) were prepared adapting the same procedure, but using NdCl 3 ·6H 2 O. These complexes were isolated and purified in a similar manner to obtain off-white solids. The yields obtained for all the complexes were in the range 45-75%.
Results and discussion
There observed similarities in the physical and chemical properties of Pr(III) saccharide complexes (1) (2) (3) (4) (5) (6) (7) (8) and Nd(III) saccharide complexes (9) (10) (11) (12) (13) (14) (15) (16) . All the complexes were found to be soluble in warm water, but not in any common organic solvents. The compounds were stable in the solid state for several weeks if kept protected from moisture. However in moist conditions, the compounds form a darkcoloured pasty mass in about 5-6 days. The aqueous solutions of the complexes were found to be stable for 4-5 days, after which a gradual decrease was observed in the intensities of the charge-transfer bands over the next 4-5 days, indicating their slow hydrolysis. Therefore, all the aqueous solution characterisations were performed using freshly prepared solutions. Aqueous solutions of all the complexes have exhibited good ionic conductivity. Also compounds 1-16 were analysed for elemental compositions. Both elemental analysis data and molar conductance data are listed in Table 1 for all the complexes.
Thermal analysis.-Thermal degradation of Pr(III) and Nd(III) saccharide complexes showed three main steps. The thermal analysis data with appropriate assignments of the fragments is listed in Table 2 for all the complexes 1-16. In the temperature range 50-150°C, the solvent molecules were lost and in the range 150-220°C. Mainly CO 2 and some amount of H 2 O molecules were found to be lost. The pyrolysis of the main saccharide framework starts in this temperature range and continues up to about 450°C. Evolution of CO and H 2 O were the main features observed in the higher temperature range ( \ 220°C) in a number of steps. The degradation patterns were found to be similar, even with several other metal-bound saccharide complexes [6, 7] .
FTIR studies.-FTIR spectra of all the complexes (1-16) were measured in KBr matrix in the range 400-4000 cm − 1 . The spectra have shown usual line broadening as expected in cases of metal-bound saccharide moieties. In Fig. 1 , selected spectra of the ligands and the corresponding complexes of both Pr(III) and Nd(III) were shown for effective comparison. Spectral features of these complexes closely resemble those observed earlier in the case of Ce(III) saccharide complexes [4] . A broad, intense band observed around 3400 cm − 1 is assignable to an O H stretching vibration. Peaks observed around 2850 cm Solution absorption and solid-state diffused reflectance spectra.-The aqueous solution absorption spectra were measured in the range 190-900 nm. The electronic transitions in lanthanides are expected to show sharp signals, as the perturbation caused due to external fields is minimum in the case of the deepseated f-orbital. However, a broad spectral pattern can be observed in the case of the ligand-to-metal charge-transfer transitions in rare earth metal ions. The absorption spectral behaviour observed with our complexes is comparable with that reported in the literature, in the case of lanthanide complexes [8] .
In the case of Pr(III) complexes 1-8, somewhat sharper signals were observed in the visible region [400-900 nm, Fig. 2(b) ] at around, 585, 480, 465 and 445 nm, assignable to the possible ff transitions in the complexes (Table 3) . When a lanthanide ion is doped in some host lattice, a large number of very sharp f f transitions (Du 1/2 =0.05-0.2 nm) occur due to the existence of a number of microstates arising from a given f n configuration [9] . But when the ion is in solution in the presence of some ligand, the number of transitions will be less because of the merging of some of the sharper signals, which results in a broad band with a larger bandwidth. In the case of the aqueous solution of Pr(III) and Nd(III) saccharide complexes the f f transitions were found to be broad by about 100-fold (5-20 nm), when compared to the sharp spectra of doped ions. However the ff transition bands are much sharper than the dd transitions found in the corresponding transi- ) were observed in the case of complexes 1-8 in the range 250 -350 nm, as shown in Fig.  2(a) .
In the case of Nd(III) complexes, sharp bands were observed at around 860, 800, 740, 670, 570, 515 and 460 nm, as shown in Fig.  2(d) . In the case of Nd(III) (f 3 system), the number of microlevels as well as the allowed transitions are much higher than those in the case of Pr(III), (f 2 system) among which some of the strongest ones are observable. In the case of Nd(III) complexes 9-16, in aqueous solutions the f f transition were assignable to However, the f f transitions observed in 9-16 were found to be broader by a factor of two (Fig. 2(b) and (d) ) when compared to those of 1-8. Absorption band positions obtained in the range 450-700 nm in the present case, have close relevance with the features obtained for Nd(III) porphyrinato doubledecker complexes reported in the literature [11] . At least three to four very broad chargetransfer bands (saccharide O − to Nd 3 + ) were observed in the case of 9-16 in the range 250-400 nm as shown in Fig. 2(c) .
The diffused reflectance spectra of all the complexes were found to be essentially similar to those observed in fresh solution, thereby indicating the retainment of the solid-state structure upon dissolution.
Magnetic susceptibility measurements.-Room temperature magnetic susceptibility measurements of the powdered samples showed magnetic moment (v eff ) values in the range 3.30-3.95 m B for all complexes 1-16. These are found to be higher than their spin only values (2.83 and 3.87 m B , respectively, for f 2 and f 3 systems). In the case of lanthanide ions it is generally expected that the value of the magnetic moment is higher than the spinonly value due to the orbital contribution [12] , and the magnitude of the orbital contribution is found to be decreased as the number of f-electrons increases in the series. Thus the magnetic susceptibility studies have strongly suggested the presence of praseodymium and neodymium ions in their +3 oxidation states in all these complexes. Circular dichroism.-CD spectra of aqueous solutions of the complexes were measured in the UV region. Though the Cotton effect is not prominent here, as was observed in the case of the Ce(III) saccharide complexes, the trends among different complexes are appreciable. The glucose complexes exhibit a CD sign which is opposite to the other hexose complexes of the corresponding metal ion. For example, the Nd glucose complex 9, exhibited a CD sign that is opposite to that of Nd galactose complex 10 as shown in Fig.  3(a) . Similarly the xylose complex exhibits a CD sign which is opposite to the other pentose complexes of the same metal ion. For example, Nd xylose complex 14, exhibited a CD sign which is opposite to that of Nd arabinose complex 12, as shown in Fig.  3(b) . Among the disaccharide complexes, maltose complexes 7 and 15 have shown the same CD sign as that of glucose complexes 1 and 9, whereas lactose complexes 8 and 16 have shown the same CD sign as that of the galactose complexes 2 and 10. The CD spectra of Nd(III) complexes 9, 10, 15 and 16 are shown in Fig. 3(a) . This in turn indicates that the disaccharides interact with the metal ions predominantly through the non-reducing part and further retains the configuration of their non-reducing fragment in the complexes. Similar trends were observed in the sign of the CD spectra of the Mo(VI) and Ce(III) saccharide complexes [4, 7] . The studies indicated that there seems to exist certain preferential orientations for different saccharides in their binding to metal ions. Cyclic 6oltammetry.-Cyclic voltammograms of all the complexes were measured in 0.1 M aqueous KCl, using Pt as the working electrode and Ag/AgCl as the reference electrode, in an atmosphere of argon, with a scan speed range of 60-100 mV s − 1 . Voltammetric responses corresponding to Ln(III) Ln(II) were irreversible and were found in the positive potential range in all cases. Voltammograms of 1, 7, and 10 are shown in Fig. 4 . Individual responses were observed at, +350, +505, +450, +480, +390, +520, +550, +495, +560, +400, +395, +415, +360, +350, +520 and +460, respectively, for complexes 1-16. The study indicated the instability of the corresponding reduced species, Pr(II) or Nd(II) in solution. A close comparison of these potentials could not be made due to paucity of the literature dealing with the CV studies of somewhat similar systems. However, recently studied lanthanide-porphyrinato double-decker complexes have all exhibited only ligand-based, reversible redox couples [11] . Although, in the case of monophthalocyanine complexes of rare earth ions, an oxidation couple was observed at +0.6 V (vs. SCE) and a reduction couple was observed at around −1.0 V (vs. SCE); the origin of these were unassigned [13] .
Nuclear magnetic resonance studies.-13 C NMR spectra of the complexes and those of the free saccharides were measured in aqueous solution. Complexation shifts (Dl =l complex − l ligand , metal induced shifts) were observed in each of the carbon atoms and are listed in Table 4 . It has been found that pyranose conformation was predominant in the spectra of all the free saccharides. However, in the metal saccharide complexes, it is the furanose form that was found to be the major one, at least in some cases.
Pr(III) complexes.-Among the monosaccharide complexes, 1, 2, 3 and 4 have shown significantly high complexation shifts (metalinduced shifts) at C-3 and C-4, whereas 5 and 6 have shown such shifts at C-2 and C-3. Also it has been found that the saccharides in 5 and 6 are in interaction with the metal ion predominantly through furanose form (Dl, Table  4 ). Based on the magnitude of the Dl values, additional interactions were predicted for complexes 1, 2 and 4 through OH-2; complex 3, through OH-1 and complexes 5 and 6 through OH-4. In the case of disaccharide complexes 7 and 8, significantly high complexation shifts (Dl values) were observed with C-3%, C-4% and C-2% for maltose, and C-3%, C-4% and C-3 for the lactose complexes. Weak in- teractions extended by the OH groups were predicted to be through OH-2 and OH-3 for maltose, and OH-6% and OH-1 for lactose complexes. Nd(III) complexes.-All the monosaccharide complexes among 9-14 have exhibited significantly high complexation shifts (Dl ,  Table 4 ) with C-3 and C-4 centres. Both ribose and xylose have been shown to interact with the Nd(III) centre through the pyranose form. Apart from that, a considerable Dl value was observed with C-1 in the case of 9, 10, 11 and 14, and with C-2 in the case of 12 and 13. The disaccharide complex 15 has exhibited fairly major shifts in C-3%, C-4% and C-3, followed by C-2% and C-2. Similarly, 16 has exhibited considerably major shifts with the C-3%, C-4% and C-1 centres, followed by C-2% and C-3. Based on the Dl values given in Table 4 , it has been possible to identify the O − and OH moieties involved in binding. While generally larger Dl values are attributed to arise from O − binding, importance was also given to identify those adjacent OH groups capable of showing bidentate chelation. However, generally smaller Dl values are assigned to those OH groups weakly interacting with the metal-ion centres, without deprotonation. In the case of a pyranose structure, the shift obtained for C-5 is attributable to the electric and magnetic through-space effect of the metal ion, as proposed in the literature [14] .
Conclusions and correlations
The molar conductance data (Table 1) is clearly indicative of a 3:1 electrolyte in all complexes 1-16. The elemental analysis data (Table 1) revealed that in all the complexes, metal ions are associated with either three monosaccharides or two disaccharides. In the binding of two disaccharide molecules per metal ion, a new observation has been found, only in the case of Pr(III) and Nd(III) complexes, and has not been found with any saccharide complexes reported earlier [1, 4, 7] . Thermal degradation studies have helped to determine the presence of solvent molecules. These studies have also elicited the pyrolysis process of saccharide moieties present in the complexes. It has been noted in recent literature that Eu(III) binds with two molecules of cyclohexanetriol (as tridentate) along with one or two chelating nitrates and water molecules to crystallise predominantly to give a ninecoordinated, tricapped trigonal prismatic complex [15] . Also it has been found in the literature, that saccharides can bind to metal ions as tridentate chelate as well as in a tri-or tetradentate bridging manner [16] . All the data collected and analysed in the present case are characteristic of the presence of Pr and Nd ions in their +3 oxidation state, and similarities have been noted between the data for the complexes of Pr(III) and Nd(III). Subtle differences existing in the conformation as well as the binding mode of saccharide molecules, have been elucidated based on 13 C NMR studies. Ribose and xylose complexes of Pr(III) have adopted a furanose conformation, while those of Nd(III) have adopted a pyranose one as shown in Fig. 5(b) and (c). In the case of Mo(VI) and Ce(III) ribose and xylose complexes, the pyranose form was found to interact with the metal ions [4, 7] . But in the case of the complexes of the first-row transition-metal ions, the predominant conformation was furanose for ribose and xylose [17] . Based on analytical and spectral data of these complexes, all these complexes have been found to have a complex anion of the type, [M(sacc) 3 ] 3 − for monosaccharides (1-6 and 9-14), and [M(disacc) 2 ] 3 − for disaccharide complexes (7, 8 and 15, 16) , where M = Pr 
